A high-resolution spectroscopic system for the measurements of the CIII triplet at 465 nm was installed at the COMPASS tokamak. The Doppler broadening and shift of the measured spectral lines are used to calculate the edge ion temperature and poloidal plasma rotation. At fi rst, the spectroscopic system based on two-grating spectrometer and the calibration procedure is described. The signal processing including detection and removal of spiky features in the signal caused by hard X-rays based on the difference in the behaviour of Savitzky-Golay and median fi lters is explained. The detection and position estimation of individual spectral lines based on the continuous wavelet transform is shown. The method of fi tting of Gaussians using the orthogonal distance regression and estimation of the error of estimation of the rotation velocity and ion temperature is described. At the end, conclusions about the performance of the spectroscopic system and its shortcomings based on summary of results calculated from 2033 processed spectral lines measured in 61 shots are drawn and the possible enhancements are suggested.
Introduction
Atomic spectroscopy can provide valuable information about fusion plasma. This is possible due to the fact that properties of radiated photons are governed by ion and electron velocity distributions and densities, electromagnetic fi elds, and ion species present in a plasma. Specifi cally, it can be used to calculate ion temperature and ion fl ow along magnetic fl ux surfaces in tokamaks called plasma rotation. Knowledge of these two quantities and their spatial and temporal evolution is particularly interesting for studies of plasma confi nement modes, namely, L-mode (low confi nement mode) and H-mode (high confi nement mode). A spectroscopic system lent by the Instituto de Plasmas e Fusao Nuclear, Lisboa, Portugal, was installed at the COMPASS tokamak to investigate the stated plasma properties. The system is based on high-resolution measurements of the CIII triplet at 465 nm and calculation of the ion temperature and poloidal plasma rotation from the spectral line shape and position, respectively. Analysis of measured spectra showed that an enhancement is needed to meet requirements for spatial and temporal profi les of calculated ion temperature and plasma rotation. To remove shortcomings of the system, a Calculation of edge ion temperature and poloidal rotation velocity from carbon III triplet measurements on the COMPASS tokamak better understanding of its properties is required. Steps made to reach this goal are listed in this article. It includes description of basic properties of the COMPASS tokamak and description of the measurement method. The spectroscopic system is described to allow the reader to understand shortcomings and proposed upgrades, which are summarized after the data analysis method is thoroughly explained, and results of ion temperature and plasma poloidal velocity are elaborated.
Measurements of poloidal plasma rotation and edge ion temperature at the COMPASS tokamak
The COMPASS tokamak [1] in Prague has the major radius R = 0.56 m and minor radius a = 20 cm and is equipped with two neutral beam injection (NBI) heating systems with 0.3 MW of power each. The pulse length is 1 s with plasma current of up to 400 kA and toroidal magnetic fi eld of up to B = 2.1 T. Additional parameters of the COMPASS tokamak are listed in Table 1 . Main plasma facing components are made of graphite, and thus carbon eroded from divertor and limiters because of plasma-wall interaction processes is transported into the plasma and contaminates it. The fractional abundance in deuterium plasma can reach values up to units of percent which results in high intensity of radiation generated by carbon. This makes spectroscopic studies of the CIII triplet at 465 nm a good tool providing information about poloidal plasma rotation u and edge ion temperature T i . The poloidal cut of the COMPASS vacuum vessel with the region of interest marked with the black dot is shown in Fig. 1 . The expected u at the edge is in orders of kilometers per second and the expected T i is in order of tens of electron-volts. These expectations put requirements on the measurement system to provide a high spectral resolution to allow calculation of u and T i with reasonable uncertainties. The length of plasma fl at top phases in the COMPASS tokamak and also the time scale of the phenomena of interest (e.g., temporal changes in rotation velocity) require the system to provide temporal resolution in orders of units of microseconds.
CIII triplet and line shape
Calculation of the poloidal plasma rotation velocity and ion temperature are based on the measurements of the carbon III lines at CIII-1 = 464.742 nm, CIII-2 = 465.025, and CIII-3 = 465.147 nm. This is possible because of the fact that the shape and shift of the triplet lines is directly governed by the ion temperature and ion rotation velocity, respectively. All three lines form a triplet with the upper level confi guration p = 1s 2 2s3p and the lower level confi guration q = 1s 2 2s3s. Properties of spectral triplets can be deduced from the spectral emission coeffi cient of a line, expressed in [2] as (1) The frequency of radiated photon  pq and the value of Einstein coeffi cient A(p  q) are purely functions of atomic properties. The latter is given by the upper and lower levels and the former by their energy difference. The density of upper states n i (p,r) is a strong function of plasma properties together with L(,r), which is a normalized function describing the line shape. The special properties of spectral multiplets are caused by the fact that the states p and q differ only in angular momentum. As a consequence, all spectral lines in a multiplet are radiated by one population of ions n i (p,r). This means that the ratio of the lines becomes independent of plasma parameters and the line shape L(,r) is identical. Thus electron temperature cannot be calculated from the ratio of measured carbon III lines. Because line shape L(,r) is a direct function of velocities of radiating ions n i (p,r), it can be used to calculate the plasma rotation and ion temperature. Ion velocities in plasma in equilibrium can be described by the Maxwell-Boltzmann distribution [3] . The speed distribution along the line of sight (LOS) v·LOS can be written as 
where m i is the mass of radiating ion, T i is the ion temperature,  is the ion velocity parallel to LOS, u is the mean ion velocity (plasma rotation) parallel to LOS, and r is the position vector. Movement of radiating ions introduces a shift in observed frequency of photons described by the Doppler effect [2] (3)
in terms of radiator's velocity ( -u) parallel to LOS and frequency  pg of the photon in the rest frame of the radiator. Solving Eq. (3) for ( -u) and plugging the result into Eq. (2) gives the spectral line shape function
The term ( - u (r)) is connected to the thermal motion of the radiating ions described in Eq. (2), specifi cally  originates from the random ion velocity  and  u (r) from the mean speed u. This shows that the thermal motion of the radiating ions gives spectral lines a Gaussian shape and can also cause a frequency shift. The width of the line is given directly by the temperature T i (r) of the ion population n i (p,r). The mean speed u of the radiating population causes a corresponding spectral shift of the line and can be calculated using the formula for the Doppler shift. A line shape is also infl uenced by a magnetic fi eld acting on the radiator. This causes changes in the line shape called Zeeman splitting. This effect can be neglected if the formula (5) given by [4] is fulfi lled. Plugging in l = 1 for the single electron orbital angular momentum quantum number, n = 3 for the principal quantum number, the fi ne structure constant , the Bohr radius a 0 , the ionization energy of a hydrogen atom E H , and B = 0.89 T for the COMPASS toroidal magnetic fi eld at R = 0.72 m gives the result k b T i  8.78 eV for the CIII triplet. Values of ion temperatures in the region of interest are expected to be above this threshold. The rest of the broadening mechanisms [2, 4] , as for example, pressure broadening, are negligible in the COMPASS tokamak plasmas.
Spectroscopic system for CIII triplet measurements
As described in two previous sections, the measurements of CIII triplet at 464 nm with suffi ciently high spectral resolution can be used to calculate T i and u. For this purpose, a spectroscopic system for high temporal and spectral resolution measurements was developed in the Instituto de Plasmas e Fusao Nuclear, Lisboa, Portugal [5, 6] , and installed at the COMPASS tokamak. The spectroscopic system consists of fi ve main parts: light collecting objective at the tokamak side, fi ber bundle, matching optics at the spectrometer side, high-resolution spectrometer, and charge coupled deviced (CCD) camera. The collecting objective is mounted onto a vertical port, its line of sight is the black dot dashed line in Fig. 1 . The objective has demagnifi cation factor of 4 and projects light generated in the fi eld of view showed in Fig. 1 by a yellow cone onto a ferrule of the fi ber bundle. The LOS crosses the midplane at approximately R = 0.72 m. The fi eld of view at the midplane covers approximately ±2 cm around the separatrix calculated by EFIT in the fl at top phase of a usual discharge. The 4-m long fi ber bundle consists of 49 silica fi bers with 50 m core diameter (62.5 m cladding). The fi bers in the tokamak side ferrule are organized as a line of seven fl ower-like arrangements sketched in Fig. 1a . At the spectrometer side, they are organized as a 3080-m long single line. The line is projected by the matching optics onto the entrance slit of the spectrometer. The matching optics is equipped with a removable mirror, which switches the optical path to the calibration lamp. This allows the system to be calibrated in the spectral domain. A scheme showing the alignment of the spectrometer, the optical setup at the entrance slit of the spectrometer, and the CCD camera can be seen in Fig. 2 . The spectrometer consists of a planar mirror and two spherical gratings with non-equidistant grooving. From the entrance slit, the light incidents onto the fi rst grating named Concave grating 1 in Fig. 2 where it gets dispersed and refl ects onto the fl at mirror. From the fl at mirror, the light is refl ected onto the second diffraction grating where it undergoes the second dispersion in the direction of the exit slit and the CCD camera. Owing to the shortness of the fi ber bundle, the spectrometer had to be placed in the vicinity of the tokamak. This introduced problems with the interference of the CCD detector with hard X-ray (HXR) radiation generated during a shot. This interference was lowered by lead shielding placed around the spectroscopic camera. The major parameters of the spectroscopic system are listed in Table 2 . The recorded spectra were binned (summed) in vertical direction, leaving only the horizontal dimension. In this text, pixel numbering refers to the horizontal rank of the pixel on the CCD chip.
Scheme showing the alignment of the spectrometer with two spherical gratings and one planar mirror. The matching optics at the entrance slit consists of two lenses and a removable mirror, which allows switching between calibration lamp and the ferrule of the optical fi ber.
Spectral calibration of the spectrometer
To allow calculations of plasma properties from measured CIII triplet, spectral calibration and instrumental functions of the spectrometer need to be determined. These were determined from the measurements of spectra of the Fe hollow cathode lamp fi lled with neon. The calibration function is a mapping from pixels to corresponding wavelengths. In the case of the spectrometer, the linear function showed as an acceptable choice giving suffi ciently low errors:
where a is the spectral resolution of the spectrometer. The instrumental function describes broadening of spectral lines by the spectrometer. This can be determined from the width of the lines in calibration spectra. An example of such measured spectra is plotted in Fig. 3 with crosses. It shows 10 visible lines from which only fi ve of them were used for calibration purposes. The unused fi ve lines could not be either properly identifi ed and resolved or are not a single spectral line. The wavelengths  pq were taken from tables accessible at [7] . To get a better precision of the calibration, the identifi ed lines need to be fi tted by an analytical function well approximating the line shape. In this case a Gaussian approximation showed as reasonable. This is supported by a good agreement of the spectral lines with fi ts plotted by full lines in Fig. 3 . The fi tting algorithm provides mean values  giving spectral position of each line and standard deviations  giving the line width in pixels. Using  and corresponding wavelengths  pq , the calibration function was fi tted using orthogonal distance regression, where the weights were the output errors of the Gaussian fi ts. The instrumental broadening was calculated as weighted mean of . This simple calculation of the instrumental function was possible because contributions of the other broadening mechanisms as temperature broadening are negligible because of low pressure and temperature of the calibration lamp. Analysis of the measured calibration spectra showed that the spectral resolution of the spectrometer was ~0.0026 nm per pixel and the instrumental broadening was ~2.5 pixels.
Processing of measured CIII triplet spectra
A set of spectra measured during the discharge #6080 is displayed in Fig. 4 , where several features can be noticed. The fi rst are the carbon triplet lines. The second is the O II line at 464.913 nm. The third is the interfering HXR radiation with its spiky feature and the last is the baseline. Before the lines of the carbon triplet are analysed, the baseline has to be subtracted and the HXR spikes removed. The baseline is the result of a superposition of the stray light inside the spectrometer and the thermal noise of the detector. This gives the baseline a non-linear nature. The baseline was approximated by averaging over spectra with no visible spectral lines, which were recorded before and after each discharge. An example is the flat line in Fig. 4 . Typically, more than 35 spectra with integration time in the range 20-30 ms were measured during a single discharge sequence. With this setting, at least 10 measurements of the baseline during each shot were taken. The average baseline smoothed with Savitzky-Golay fi lter is plotted with full line in Fig. 5 . The HXR radiation generated during discharges can be detected by the CCD chip, which results in spiky features visible in Fig. 4 . These have to be detected and removed. Removing the HXR spikes showed as the most suitable solution. Application of fi ltering methods in order to replace spikes would change information in the spectrum (e.g., peak fl attening), which is not favourable before further processing including function fi tting. Therefore, removal of points containing HXR spikes showed as the most suitable solution. A simple detection algorithm was developed to detect HXR features in a signal. It is based on the difference of behaviour of Savitzky--Golay and median fi lters. The Savitzky-Golay [8] fi ltering method is based on polynomial fi tting. This can cause the fi lter to oscillate under a certain circumstances. One of them is a sharp feature in a signal as the HXR spike. A part of a spectrum fi ltered by a Savitzky-Golay fi lter is plotted by dashed line in Fig. 6 . Oscillation in the fi ltered signal caused by the HXR spikes can be clearly seen near the pixel 112. It can also be seen that the amplitude of the fi ltered signal at the position of the HXR spike is lower than the original signal. The spectrum fi ltered by a median fi lter is plotted in the same fi gure by the solid curve. The median fi lter tends to fl atten parts of a spectrum containing spikes. The amplitude of the signal fi ltered by a median fi lter at the position of the HXR spike is the lowest of all three signals. Using the described difference in behaviour showed as a suitable base for building an automatic detection of the HXR interference. A spike is recognized when mutual amplitude differences between all three signals (i.e., between original and Savitzky--Golay fi ltered signals, between original and median fi ltered signals, and between Savitzky-Golay and median fi ltered signals) reach a certain threshold. Although this method is not absolutely robust and minor changes based on the shape of the spectrum have to be made occasionally, it showed as a good tool for the detection of the peak in fl at parts as well as in parts of spectra containing spectral lines. An example of processed spectrum with subtracted baseline and removed HXR interference spikes is curve in Fig. 5 plotted with circles. As described in section "CIII triplet and line shape", plasma rotation velocity can be calculated from position of a spectral line and the ion temperature from the line width. Both properties can be obtained with a good precision by fi tting a Gaussian shape through the spectral lines of the carbon triplet. As it is visible in Fig. 4 , two to four spectral lines are usually observable in the measured spectra. Three of them belong to the CIII triplet and are of interest. To provide good initial conditions for fi tting routines to converge to a reasonable solution, number of visible spectral lines has to be identifi ed and their position estimated. For this purpose, an algorithm for peak detection based on a fi ltering of spectra by bank of fi lters inspired by the continuous wavelet transform (CWT) was developed. The algorithm was inspired by [9] . The discrete wavelet transform [10] can be written in a convolution form:
resembling a fi ltering of a discrete signal f[m] by a fi lter  s . A bank of fi lters  s was constructed using the Hermitian wavelets of the fi rst order (8) with scaling coeffi cient s from 35 to 1. An example of a spectrum fi ltered by the Hermitian fi lter with scale s = 10 is the solid curve with diamond markers plotted in Fig. 7 . Lines and their positions are identifi ed in several steps. In the fi rst step, all zero crossings with the neighbouring local extremes exceeding a certain threshold are found. In the second step, lines are identifi ed as all such crossings found in the signal fi ltered by fi lter with the highest s. The line position is then refi ned by searching for the closest zero crossing in the signal fi ltered by fi lter with the second highest s. This algorithm is repeated until the lowest s is reached. The need for such iteration is given by the presence of noise in the measured spectra. The fi lter with the highest scaling coeffi cient is the least vulnerable toward false line detection because of noise but the precision of the line position estimation is the lowest. The fi lter with the highest s serves for the detection of number of visible lines; the lower s fi lters are used for the determination of the position of the detected lines. Once the spectral lines are identifi ed, the upper half of each line is fi tted separately by a Gaussian function. An example of a spectrum with four detected lines and over-plotted corresponding Gaussian fi ts is in Fig. 7 . The output of the fi tting algorithm is the mean value of the Gaussian that corresponds to the line position  D and the standard deviation  fi t that corresponds to the broadening of the line and line intensity. The approach of fi tting each line separately and using only the upper halves of the spectral lines showed as robust in the case of partly overlapping lines and toward spectral features caused by spectrometer misalignment.
Calculation of rotation velocity and ion temperature
As described in section "CIII triplet and line shape", knowledge of the line position and width can be used to calculate the rotation velocity and ion temperature, respectively. The rotation velocity u was calculated as (9)
The ion temperature was calculated using the full width half maximum of the line fi t  fi t = 2ln2 fi t and (10) in the frame of  inst being the instrumental width of the spectrometer calculated from calibration measurements and m i being the mass of carbon III ion. The value of velocity uncertainty  u was calculated using (11) where  pq is the uncertainty of the radiated wavelength in the rest frame of the ion obtained from [7] . The uncertainty of the fitted line position  D consists of the contribution from the error of the calibration and the error of the fi t supplied by the fi tting routine. The uncertainty of ion temperature calculation is given by (12) where the   is the contribution of the error of the Gaussian fi t of the line and the error of the calibration. The instrumental width  inst is obtained from the calibration together with the uncertainty  inst . Both  u and  kTi were calculated using the standard formula for uncertainty propagation. They are based only on contributions which can be calculated during the data processing and calibration and do not take into account uncertainty contributions of instruments of the spectroscopic system.
Calculated edge ion temperatures and poloidal rotation velocities
Results presented in this paper were measured during 61 shots during which 716 spectra were measured and 2033 spectral lines were detected. For calibration purposes, a set of nine calibration spectra were measured. Spectra measured during discharges were sorted into groups by the temporal separation from the calibration measurements. Analysis showed that the average reached spectral resolution is ~0.0026 nm per pixel. Without fi tting of line shapes, this gives for a noiseless signal uncertainty ~800 m·s -1 in velocity and ~2.0 eV in temperature. Probability mass functions of uncertainties of calculated T i and u for all analysed spectra are displayed in Figs. 8 and 9 . Comparison of estimated and reached values of uncertainties shows that the used fi tting procedure can on an average improve the precision by factor of two in the case of calculation of poloidal rotation velocity and by factor of four in the case of calculation of ion temperature. An example of a time evolution of u and T i calculated for shot #6056 is displayed in Figs. 10 and 11 . Square, circle, and , although calculation from all three spectral lines should yield the same results as described in section "CIII triplet and line shape". This bias is present in the whole set of processed data. Differences in results
Figs. 12 and 13 show that results are shifted by E(u 1 -u 2 ) = 500 m·s
Another important property is the independence of the error on the group of measurements. The strong bias suggests a systematic error in the measuring technique or data analysis, otherwise the mean values would be close to zero. The independence on the calibration procedure suggests that the systematic error is probably caused by the measurement technique.
Conclusions
The goal of the measurements of the CIII triplet is to collect information about both edge plasma poloidal rotation and ion temperature. The temporal and spatial resolution should allow observation of time-space evolution of both quantities in proximity of separatrix and study of the infl uence of plasma parameters and confi nement modes. To evaluate the properties of the spectroscopic system, a representative set of data was measured and a thorough method of data analysis was developed. The requirements on the spectral resolution were given by expected values of edge plasma poloidal rotation and ion temperature, which were estimated in units of km·s −1 and tens of eV, respectively. The developed calibration procedure allowed to estimate the typically reached spectral resolution as 0.0026 nm per pixel, which corresponds to the uncertainty in plasma rotation velocity of ~800 m·s −1 and ~2 eV in temperature. The measured instrumental broadening of a spectral line is  inst = 0.017 nm. Examination of the measured spectra of the CIII triplet showed that two unwanted signal features have to be carefully removed before the data processing. The fi rst feature is the baseline, which is most likely a superposition of the detector noise and the stray light inside the spectrometer. The second feature is interference of the HXR radiation generated during a discharge with the CCD chip. A procedure for the detection and removal of both features was developed and tested on the set of measured data. Although not completely automatic, the developed algorithms showed as robust towards noise and wide magnitude of spectral line intensities. Preprocessed spectra were then analysed by an algorithm designed for automatic detection and fi tting of the spectral lines. The lines were detected using a bank of fi lter based on CWT and Hermitian wavelets. The fi tting routine used orthogonal distance regression which allows to take into account errors in both dependent and independent variables. This was used to estimate uncertainties of the calculated edge poloidal rotation velocity and ion temperature. Both developed algorithms were applied on 716 spectra measured in 61 shots in which 2033 spectral peaks were detected and analysed. Calculated poloidal rotation velocities were in the range from -10 to 2 km·s −1 with average uncertainty  u = 380 m·s −1 . The average uncertainty is lowered by Gaussian fi tting, which allows to determine the line position with subpixel precision. The ion temperatures were in the range from 10 to 50 eV with mean uncertainties of 0.6 eV. The bottom level is at the edge of the threshold given by the Zeeman broadening specifi ed in Eq. (5) . Comparison of u and T i showed a nonzero mean shift of results calculated from different spectral lines. This suggests a systematic error of the measurement method. The shift showed to be dependent on the wavelength (spectral line) and independent of the wavelength shift, line broadening, line intensity, or calibration measurement. The probable source of this error is difference in position of the focus of the light from the fi ber bundle and Fe calibration lamp. The position of the focus infl uences the position of spectrum on the detector. This would cause a shift in wavelength axis between the calibration and CIII triplet measurements. This shift then causes the systematic error in calculated u and T i visible on a comparison of the results from individual spectral lines. The careful analysis of the data showed that the calibration procedure has to be changed to remove the described systematic error, the spectrometer should be moved from the tokamak hall to reduce the HXR interference, the throughput of the system has to be increased to allow a better temporal resolution and a new confi guration of the spectrometer allowing spatial imaging has to be found. A new fi ber bundle with 32 + 2 fi bers with diameter of 200 m and numerical aperture (NA) of 0.22 has been recently purchased. Two of the fibers in the spectrometer ferrule are not included in the bundle and are terminated with separate SMA connectors. This solution will allow the two fi bers to collect the light from the calibration lamp even during the measurements of the CIII triplet while keeping the same focus point. The installation of the new fi ber bundle will not only remove the systematic error but also increase the number of possible spatial points to 32. The length of the fi ber bundle will also allow movement of the spectrometer outside of the tokamak hall, which should largely reduce the interference of HXR with the CCD chip. To allow spatially resolved measurements, a new alignment of the spectrometer had to be calculated. Imaging properties of the spectrometer were reached, but further work has to be made to verify the infl uence of the new alignment on the spectral resolution and NA of the spectrometer. NA of the new alignment should match better the NA of the new fi ber bundle. This will increase the throughput of the spectroscopic system and allow a better temporal resolution. More work is being done to fully investigate properties of the new system.
